Summary Stem respiration was measured throughout 1993 on 56 mature trees of three species (Quercus alba L., Quercus prinus L., and Acer rubrum L.) in Walker Branch Watershed, Oak Ridge, Tennessee. A subset of the trees was remeasured during 1994. Diameter increments, stem temperatures and soil water were also monitored. Respiration rates in the spring and summer of 1993 tracked growth rate increments, except during a drought when growth dropped to zero and respiration increased to its highest rate. During the dormant season, rates of total stem respiration (R t ) tended to be greater in large trees with thick sapwood but no such trend was observed during the growing season. Before and after the growing season, respiration rates correlated well with stem temperatures. Estimated values of Q 10 were 2.4 for the two oak species and 1.7 for red maple. The Q 10 values were used along with baseline respiration measurements and stem temperatures to predict seasonal changes in maintenance respiration (R m ). In red maple, annual total R m accounted for 56 and 60% of R t in 1993 and 1994, respectively. In chestnut oak, R m accounted for 65 and 58% of R t in 1993 and 1994, respectively. In white oak, R m accounted for 47 and 53% of R t in 1993 and 1994, respectively. Extrapolating these data to the stand level showed that woody tissue respiration accounted for 149 and 204 g C m − 2 soil surface year
Introduction
Studies of metabolic activity in trees have traditionally focused on leaves as primary indicators of whole-tree metabolism. Furthermore, there have been many studies on carbon fixation and few studies on carbon losses. However, carbon fixation occurs only during the day and in deciduous trees only during the growing season. Respiratory activity occurs continuously in all of the living tissues of a tree. In mature forests, CO 2 efflux from standing woody tissue may equal or exceed foliar respiration on a whole-tree or stand basis. For example, estimates of annual total respiration of stems and branches in a mature yellow poplar forest in Tennessee exceeded leaf respiration by a factor of more than 2.5 (Edwards et al. 1981) .
Despite the importance of woody tissue respiration, few studies have been conducted that permit realistic extrapolations of measurements to the stand or even the whole-tree level. Reasons for the lack of research on woody tissue respiration generally relate to the technical difficulties involved in obtaining reliable measurements. Many of the problems in measuring respiration of woody tissues have been reviewed by Sprugel and Benecke (1991) . The objective of this study was to obtain reliable, whole-stand, stem respiration measurements. When combined with other physiological measurements, whole-stand respiration will permit the evaluation of responses of a mature forest to environmental perturbations (e.g., changes in global climate).
Methods

Site description
The study site is located on Walker Branch Watershed (35°58′ N and 84°17′ W), a part of the U.S. Department of Energy National Environmental Research Park, near Oak Ridge, TN (Johnson 1989) . Mean temperature is 13.3 °C and mean annual precipitation is 140 cm. The acidic forest soils (pH 3.5--4.6) at this site are Typic Paleudults. Stand Basal area at breast height averages 21.5 m 2 ha − 1
. The forest is an uneven-aged stand with trees generally ranging from 40 to 75 years old (Sollins and Anderson 1971) , but with a few trees about 150 years old. The predominant overstory species are white oak (Quercus alba L.), chestnut oak (Quercus prinus L.), and red maple (Acer rubrum L.) and the predominant understory species are flowering dogwood (Cornus florida L.) and red maple (Hanson et al 1995) . The leaf area index is approximately 5 (Lindberg et al 1989) . Tree biomass of the stand is 164 Mg ha ) (Edwards et al 1989) . The study area is located on a southeast-facing slope extending 240 m along the edge of a ridge top. It extends 80 m down a 20 m elevation gradient.
Experimental design and sampling scheme
Eighteen trees of each of three dominant overstory species (white oak, chestnut oak, and red maple) were selected to provide a range of tree diameters. White oaks had a dbh of 20 to 65 cm with an average of 36 cm. Chestnut oaks had a dbh of 21 to 62 cm with an average of 43 cm, whereas red maples had Stem respiration in a closed-canopy upland oak forest NELSON T. EDWARDS and PAUL J. HANSON Oak Ridge National Laboratory, Environmental Sciences Division, Oak Ridge, U SA a dbh of 21 to 52 cm with an average of 32 cm. Total stem respiration (R t ) was measured on five occasions in 1993 at 1.5--2-month intervals. A subset of these trees (six trees of each species across a similar size range) were measured twice as frequently in 1994. The first (March 3, 1993) and last measurements (October 13, 1993) preceded and followed periods of diameter growth, respectively, and were therefore used as indicators of maintenance respiration (R m ). The R t measurements taken during periods of diameter growth represented combined R m and growth respiration (R g ). Each set of measurements on the 56 trees that were measured in 1993 required about 16 h to complete and were performed on two consecutive days between 0800 and 1600 h. Half of each species across a broad range of diameters were measured each day with trees on the upper half of the slope measured the first day and trees on the lower half of the slope measured the second day.
Measurements of tree growth and air/stem temperatures
All trees were fitted with dendrometer bands for biweekly to monthly measurements of stem diameter growth. Individual dendrometer measurements consisted of duplicate, digital caliper measurements (0.01 mm resolution) of the distance between two reference marks on the dendrometer band. This measure of the change in circumference was combined with initial stem diameter data for the calculation of the change in stem basal area over time. Sapwood thickness was measured by taking a single increment core adjacent to the respiration chamber on each tree. Sapwood volume was calculated by multiplying sapwood thickness by the surface area defined by the length and width of the respiration chamber. Because there is no distinct boundary between sapwood and heartwood in red maple, we assumed that the sapwood tissue in red maple was about equal in volume to that of comparable sized oak species. Mean hourly air and stem temperatures were measured with commercially available thermistors and dataloggers (LI-1000, Li-Cor, Inc., Lincoln, NE). Sapwood temperatures were obtained for north and south aspects of selected trees with thermistors installed about 2 cm below the bark just inside the outer sapwood boundary.
Soil water was measured to a depth of 35 cm at 3-to 4-week intervals with a time domain reflectometer (TDR, Soil Moisture Equipment Corp., Santa Barbara, CA).
Stem respiration measurements
A flat rectangular frame (17.5 cm wide × 35 cm long) made of 3-mm thick and 3-cm wide aluminum was attached with two small aluminum nails to each tree approximately 1.5 m above the ground. Spaces between the frame and the tree were filled with insulating foam. After the foam had dried it was trimmed to the shape of the frame, leaving the bark within the frame exposed, thus creating a permanently attached open chamber (12.5 cm wide × 29.5 cm long) on the side of each tree.
The inside foam walls of the chambers attached to the trees were sealed with a thin coat of silicon rubber to prevent leakage during measurements. The depth of each chamber varied from tree to tree depending on tree size and bark texture. Therefore, it was necessary to determine the volume of each of these permanently attached chambers. This was accomplished by volume displacement. A flat metal plate was held against the face of the chamber and the space was filled with small (2 mm diameter) seeds. The top of the plate was flared to form a funnel through which to pour the seeds. The seeds filling the chamber volume were emptied into a 2-l graduated cylinder for determination of chamber volume. Chambers were installed on the north side of all trees. Additional chambers were installed on the south side of two trees per species.
The permanently mounted frames provided a uniform base for attaching an aluminum cuvette (1826 ml volume) for isolating the interior from the outside air and creating a volume from which stem CO 2 exchange rates could be measured. The depth of the space created by the attached cuvette averaged about 8 cm. A closed foam gasket was used to make an airtight seal between the cuvette and the tree frame. The cuvette was fastened to the tree frame using two nylon straps that extended around the tree. Ratchets were used to pull the cuvette against the frame forming an airtight seal. Stem respiration was measured with a closed infrared gas analysis system (LI-6200, Li-Cor, Inc., Lincoln, NE) and modifications of previously described techniques (Sprugel and Benecke 1991) . During each measurement, air was pumped across the stem surface from a manifold on one side of the cuvette to a manifold on the opposite side.
Estimates of Rt, Rm, and Rg
Values of Q 10 (the relative increase in respiration rate for a 10 °C temperature rise) were determined by measuring respiration rates and sapwood temperatures of a single tree of each species at 2-h intervals over a 24-h period in early March before diameter growth had begun. Values of R m were extrapolated through 1994 by applying Q 10 values to observed diurnal and seasonal changes in sapwood temperatures using the equation:
where R m is predicted maintenance respiration in µmol CO 2 m − 3 sapwood s
, R s is the measured respiration rate at t 2 , Q 10 is the respiratory temperature coefficient, t 1 is the varying stem temperature, and t 2 is the temperature at which R s was measured.
We calculated growth respiration (R g ) in two ways. In the first method, we calculated the difference between R t and R m . The second method involved calculations from measured growth increments converted to woody tissue mass and assuming 43 g of CO 2 evolved per 100 g of woody tissue produced (Penning de Vries 1975) . Wood volume increments were calculated from dendrometer band measurements assuming a circular stem cross section. Wood volume was converted to mass by multiplying wood densities for each species (U.S. Forest Products Laboratory 1974) by wood volume. Seasonal differences in wood densities were estimated from density profiles (Cown and Parker 1978 
Results and discussion
Temperature responses
Before the beginning of diameter growth, stem respiration rates followed a diurnal pattern and lagged slightly behind changes in sapwood temperatures in all three species ( Figure  1a) . The close correlation between sapwood temperatures and respiration rates (r 2 = 0.89, 0.94, and 0.87 in chestnut oak, white oak and red maple, respectively) permitted the calculation of a Q 10 value for predicting R m in each species from the slope of the log-linear relationship presented in Figure 1b . Mean Q 10 values were 2.4 for both oak species and 1.7 for red maple.
Temperatures and respiration rates were greater on the south sides of tree trunks than on the north sides of tree trunks even during the growing season (Figures 2 and 3) . Differences in north-and south-side stem respiration rates were often quite large before leaf emergence. For example, on March 30, respiration rates in south-facing stem tissue averaged 40, 25 and 10% greater than in north-facing stem tissue of white oak, chestnut oak, and red maple, respectively (Figure 2a ). Differences were smaller on May 14 after leaf emergence ( Figure  2b) .
On May 14, after the initiation of diameter growth, respiration rates were less than they were on the same trees before the initiation of diameter growth. This apparent discrepancy was caused by a cold period in mid-May when sapwood temperatures ranged between 14 and 16 °C compared with March 30 when sapwood temperatures ranged between 15 and 30 °C (Figures 3a and b) .
Temperature differences between air and sapwood were quite large throughout the year, especially during the daytime. Differences between air temperatures and south-facing sapwood temperatures before leaf emergence (e.g., Figure 3a) were the result of exposure of portions of the south side of the stem to direct sunlight. Sapwood temperatures on the north side of the stems were more comparable to air temperatures. After leaf emergence (e.g., Figure 3b ) there was very little exposure of the stems to direct sunlight and the pattern was reversed; i.e., sapwood temperatures were often 6 to 8 °C lower than air temperatures during the daytime. This temperature difference was probably caused by the cooling effects of the transpiration stream.
The ability to detect differences between respiration rates on the north and south sides of a tree lends confidence to our measurement capabilities; however, it also illustrates the importance of measuring rates around the entire circumference of the tree or using averaged temperatures from different points around the circumference when attempting to predict R m at the whole-tree or stand level. When R m was calculated using the average temperatures of north-plus south-facing sapwood and compared with the values obtained using only north-or southfacing sapwood temperatures, we found that, during February and March, the north-facing sapwood temperatures underestimated R m by 11% (P < 0.0001) and the south-facing sapwood temperatures overestimated R m by 14% (P < 0.0001). In June and July, R m was underestimated by only 2% (P < 0.001) using north-facing sapwood temperatures and overestimated by only 2% (P < 0.002) using south-facing sapwood temperatures. It is also important to use sapwood temperatures rather than air temperatures to predict R m . For example, air temperatures on March 28 and 29 (Figure 3a) ranged from 6 to 26 °C with a similar range in the south-facing sapwood, whereas there was a comparable range of air temperatures on May 8 and 9 but only a very small range in sapwood temperatures (Figure 3b) . It is apparent that use of a Q 10 value based on air temperature would overestimate stem R m before canopy closure. In this study, using air temperatures to calculate R m would have had no significant effect on predicted R m in February and March, but in June and July R m would have been overestimated by 21% (P < 0.0001).
Dormant season Rt correlations with sapwood volume
In all three species, we observed greater R t rates per unit of stem surface area in trees with thicker sapwood than in trees with thinner sapwood, but only during the dormant season (Figures 4a and 4b) . Conversely, Yokota et al. (1994) found a positive correlation between hinoki cypress stem volume and R t regardless of season. We found no correlation between sapwood volume and R t rates during the period of diameter growth (Figure 4b ), suggesting that much of the respiratory activity is in the cambial tissue during this period. In chestnut oak, there was a moderate correlation (r 2 = 0.53) between sapwood volume and dormant-season R t , and in white oak the correlation was even stronger (r 2 = 0.66). In red maple, estimates of sapwood volume also correlated well (r 2 = 0.58) with dormant-season R t . These data support findings by Ryan (1990) and Sprugel (1990) that when R g is absent, cambial respiration is insignificant compared with R m . Sprugel (1990) found large (10-to 40-fold) variations in respiration rates of Abies amabilis Dougl. ex J. Forbes trees on a single date when rates were expressed per unit surface area but not when expressed per sapwood volume. We did not observe such large within-species variations in our oak and maple trees. On any date, the greatest respiration rates in a given species averaged about 5 times the lowest rates, and the ranges were about the same whether expressed per unit volume or per unit cambial surface area.
Seasonal trends and annual totals
In both 1993 and 1994, seasonal trends in stem respiration followed the same pattern in all three species, with the greatest rates occurring during the growing seasons ( Figure 5 ). The Q 10 values established from measurements made in the early spring (before diameter growth had begun) accurately predicted R m in the fall after diameter growth had stopped. However, R t did not reflect the pattern that might be expected based on incremental diameter growth. In 1993, the drought-induced decline in diameter growth between Days 170 and 190 (Figure 6) was not reflected in R t , which attained the highest values for the year during the early part of the drought. Originally, we surmised that high R t during the drought was the result of reduced transpirational losses of CO 2 with subsequent increased losses from the stem as suggested by Negisi (1972 Negisi ( 1975 Negisi ( , and 1982 and Martin et al. (1994) . However, R t peak rates also occurred during the same time period in 1994 when soil water content was high (Figure 6) . A second peak in R t also occurred around Day 220 in 1994 and rates remained greater than would have been predicted (R g + R m ) for the duration of the 1994 growing season. If a second peak occurred in 1993 it Figure 5 . Seasonal trends of stem respiration in red maple (a), chestnut oak (b), and white oak (c). The R m rates were extrapolated through 1993 by applying Q 10 values from pre-growth respiration measurements to observed diurnal and seasonal changes in sapwood temperatures. The discontinuous R m values between Days 55 and 80 in 1993 were caused by faulty temperature datalogging during the period. Values of Q 10 were determined by measuring respiration rates and sapwood temperatures of a single tree of each species at 2-h intervals over a 24-h period in early March before diameter growth had begun. Measured R t values are shown as means ± SE (n = 18). Predicted R t values were calculated by summing R m and R g (calculated from growth increments and assuming 43 g of CO 2 evolved per 100 g of woody tissue produced (Penning de Vries 1975) ).
could have been missed because of less frequent sampling during that year. The peaks in R t rates lagged behind peaks in diameter growth (as indicated by R g ) by 20 to 40 days. This lag is in agreement with the conclusion of Sprugel and Benecke (1991) that growth respiration in tree stems trails diameter growth by about 1 month because wood synthesis occurs after cell expansion. Throughout both the 1993 and 1994 growing seasons, R t generally exceeded R g + R m , except in chestnut oak, during the peak growing period when R g + R m exceeded R t . This lack of agreement between predicted and measured rates is likely the result of inaccurate estimates of energy costs for wood production. However, it is also possible that Q 10 values developed during the dormant season cannot be used to predict R m accurately during the growing season.
Predicted annual total stem respiratory carbon losses for 1993 and 1994 are summarized in Table 1 . In 1993, R t totaled 17, 21.5, and 16.5 kg C m − 3 of sapwood in chestnut oak, white oak, and red maple, respectively. In 1994 (the wetter of the 2 years, Figure 6 ), R t was greater than in 1993 with totals of 25.5, 26.2, and 20.8 kg C m − 3 sapwood. As a result of higher temperatures in 1994 than in 1993, R m was 35% greater in 1994 than in 1993 in all three species. In chestnut oak, R m accounted for 65% of R t in 1993 and 58% of R t in 1994. In red maple, R m was 56% of R t in 1993 and 60% of R t in 1994. In white oak R m was 47% of R t in 1993 and 53 % in 1994. Ryan (1990) reported stem R m values ranging from 40% of R t to 60% of R t (depending on tree size) in spruce and pine trees during the growing season leaving 60% to 40% attributable to R g , but no estimates were reported for the entire annual cycle. Our annual estimates of R g and R m include extensive (> 200 days) periods when no growth occurred, which would reduce percentage R g considerably. Growth respiration (R g ) was 80, 15, and 7% greater during 1994 than during 1993 in chestnut oak, red maple, and white oak, respectively. Although these dry-year (1993) to wet-year (1994) comparisons are based on different sampling schedules, it is apparent that, in chestnut oak, growth respiration in 1994 greatly exceeded the increased cost for maintenance. Conversely, in white oak and red maple, the maintenance cost nearly offset the increased growth in 1994.
To extrapolate stem respiration rates to the whole stand, the annually integrated rates of stem respiration by species were multiplied by their respective stand sapwood index (m 3 ha − 1
). Sapwood indices for each species group were determined from measured sapwood thicknesses, wood density data, the basal Figure 6 . Rates of R t in 1993 and 1994 averaged across the three major species in the stand (red maple, chestnut oak, and white oak) plotted with soil matric potential during the same time periods. Calculated R g + R m is also shown for each species for comparison. 4 Sapwood thickness for these species was assumed to be equal to the average sapwood thickness for chestnut oak and white oak. 5 Respiration values for other species were not measured but are averages of the three major species. area contribution of each species across the experimental site (Hanson et al. 1996) , and allometric relationships between tree diameter and stem mass (Edwards et al. 1989) . The product of the sapwood index and R t was 149 g C m − 2 soil surface area year − 1 in 1993 and 204 g C m − 2 soil surface area year − 1 in 1994 (Table 1) . These totals include all other species in addition to chestnut oak, red maple, and red oak. We assumed that R t rate per unit of sapwood in the other species was the same as the average R t rate of the three major species. The R t per unit of stem tissue of the two oak species was 1.5 to 2.4 times greater than in a nearby yellow poplar (Liriodendron tulipifera L.) stand (McLaughlin et al. 1978) ; however, the 1994 total of 204 g C m − 2 ground surface year − 1 was 450 g C m −2 year −1 less than the estimated carbon losses from stems and branches of the yellow poplar forest (Edwards et al.1981) . Branch, bole, and stump biomass in the yellow poplar stand was only 78 Mg C ha − 2 compared with 160 Mg C ha − 1 in the oak--maple forest.
The R t rates in the yellow poplar forest were expressed on a per unit of stem surface area with no estimates of sapwood volume. Therefore, some of the difference in stand-level R t values between the two study sites was caused by differences in extrapolation methods used. Net photosynthesis in this oak forest ranged from 2400 to 2800 g C m − 2 year − 1 (unpublished data) compared with 1760 g C m − 2 year − 1 in the yellow poplar forest (Edwards et al. 1981) . We conclude that although techniques are sensitive enough to provide accurate measurements of CO 2 efflux from woody surfaces, methods for extrapolating to the whole-tree and stand level need further refinement. The magnitude of carbon fluxes in the production and maintenance of woody tissues is great enough to justify quantifying woody respiration rates at the stand level. Such data are essential for evaluating the effects of global climate change or other perturbations on carbon cycling and sequestration in forest ecosystems.
